The marine controlled-source electromagnetic (CSEM) sounding method is rapidly gaining acceptance as an exploration tool for detecting and delineating hydrocarbon reservoirs. Whereas seismic surveys can detect the structures that may contain hydrocarbons with great accuracy, distinguishing hydrocarbon fluids from water within these structures is more problematic. As a result, less than a third of exploration wells result in a commercial discovery.
The marine controlled-source electromagnetic (CSEM) sounding method is rapidly gaining acceptance as an exploration tool for detecting and delineating hydrocarbon reservoirs. Whereas seismic surveys can detect the structures that may contain hydrocarbons with great accuracy, distinguishing hydrocarbon fluids from water within these structures is more problematic. As a result, less than a third of exploration wells result in a commercial discovery.
Originally developed in the late 1970s (Young and Cox, 1981) , the CSEM method uses a high-powered horizontal electric dipole to transmit a low-frequency electromagnetic signal through the seafloor to an array of multicomponent electromagnetic receivers (Figure 1 ). The direct signal through the water column is rapidly attenuated, with the result that at source-receiver separations of more than a few hundred meters, the signals received are dominated by fields that have interacted with the earth. By studying the received signal as the source is towed through the array, the bulk electrical resistivity of the seafloor can be determined at scales of a few tens of meters to depths of several kilometers. Transmission frequencies are typically between 0.01 and 10 Hz. At such low frequencies, the behavior of electromagnetic fields in the earth is governed by the diffusion equation. Resolution criteria based on wavelength arguments can therefore be misleading.
The resistivity of silicate minerals is extremely high, and so the bulk resistivity measured in a CSEM survey is in general controlled by the volume, properties, and distribution of more conductive fluid phases (e.g., Schmeling, 1986) . This makes the CSEM method ideal for studying fluid-dominated geologic systems (e.g., Greer, 2001; MacGregor et al., 2001) . Marine sediments saturated with seawater typically have resistivities of 1-5 Ω-m. Replacing the seawater with resistive hydrocarbons can result in an increase in the bulk resistivity of the formation by 1 to 2 orders of magnitude. CSEM sounding exploits this dramatic change in physical properties to distinguish water-bearing formations from those containing hydrocarbons.
CSEM surveys have been used successfully in a variety of settings including West Africa, Southeast Asia, the Gulf of Mexico and the North Atlantic (e.g., Ellingsrud et al., 2002; Srnka et al., 2005) . Early surveys concentrated on Tertiary reservoir systems in deepwater areas (e.g., Ellingsrud et al., 2002) . These demonstrated that in areas of relatively simple geologic structure, including deepwater turbidites and channel systems, positive results could be obtained from CSEM surveys. However, these settings represent only a small proportion of potential exploration targets. In particular to date the method has been limited to relatively deep water (300 m or more, e.g., Johansen et al., 2005) . In shallow water, signals that have interacted with the (extremely resistive) air can have a severe impact on the recorded signals. This noise (known as the "airwave") dominates the CSEM response at source/receiver offsets over which data are sensitive to earth structure at the likely range of depths of hydrocarbon reservoirs.
OHM researchers have been working to extend the operating envelope of the CSEM method into progressively shallower water. The research was funded in part by a consortium of oil majors (Total, BG, BP, Shell, ENI, and ChevronTexaco) brought together by the U.K.'s Industry Technology Facilitator (ITF). The adopted approach centers on characterizing and understanding the physics behind the airwave phenomenon, and then using this knowledge to design approaches to data acquisition and processing that mitigate its effect. As with many geophysical problems, there is unlikely to be one silver bullet that will solve the airwave problem in all circumstances, and so a range of concepts were investigated.
The airwave problem. In deepwater, where the water depth is greater than or comparable to the depth of the target reservoir below seafloor, the depth to which CSEM survey data are sensitive increases with source-receiver separation (as a rule of thumb the data are sensitive to structure down to a depth of around half the source-receiver separation). This is illustrated in Figure 2 for a uniform seafloor. The effect of the shallow water is to decrease the depth to which the data are sensitive.
The reduction in sensitivity at depth can have a large impact on the ability of the technique to resolve seafloor structure. Figure 3 illustrates the effect of the air-sea interface on the CSEM response, for the case of a reservoir buried at 1.5 km below the seafloor. The transmission frequency is 0.25 Hz, a typical value for deepwater surveys. In deep water (2 km in the example shown), the effect of the resistive hydrocarbon-saturated reservoir is to increase the measured electric field strength by more than a factor of four, and advance the phase of the measured signal compared to the background, water-saturated case. Such behavior can be used to give a clear indication of the presence of resistive, possibly hydrocarbon-bearing, structure in the seafloor (e.g., Ellingsrud et al., 2002) .
In contrast, in shallow water, when the water depth is much less than the depth of the target below seafloor (100 m in the example shown in Figure 3 ), the effect of the air-sea interface has a dramatic effect on the measured response. Interaction of the fields with the resistive air results in an overall increase in the measured field strength and an advance in the phase of the signal at all source-receiver offsets compared to the deepwater case. Although the resistive hydrocarbon-saturated reservoir has an effect on the response, it is much smaller compared to the case in deepwater, demonstrating the reduced sensitivity to subseafloor resistivity structure. However, it is worth noting that even for source-receiver separations greater than 6 km, where the phase of the signal is almost constant with offset (the classic diagnostic of an airwave-dominated response), the response is still tightly coupled to seafloor resistivity structure. This is because the airwave is not composed of signals that simply follow a propagation path through the resistive air. Rather it is a complex interference effect between signals interacting with the seafloor and air. Its removal using simple raypath-type approximations is therefore not straightforward, because the airwave itself is coupled to the seafloor and contains information about its resistivity structure.
OHM has investigated a range of possible solutions to the airwave problem, to extend the operating envelope into shallower water than previously possible. These fall into two categories: methods of modifying the survey acquisition parameters to minimize coupling of EM signals with the air, and data processing methods which seek to mitigate or remove the effect of airwave-contaminated data collected using conventional acquisition methods. These ideas were tested during a research survey in June 2005 on the Nuggets 1 gas field in the North Sea.
The Nuggets-1 gas field. Nuggets-1 is a producing gas field operated by Total, lying in the U.K. sector of the northern North Sea (Figure 4 
inset).
AUGUST 2006 THE LEADING EDGE 985 The field was originally discovered in 1973 with a further discovery in 1989. The field is in production from a subsea manifold tied back to the North Alwyn platform, and there are a range of pipelines and subsea infrastructure elements that, while not presenting any significant restriction to CSEM operations, had to be taken into account in the design of the survey.
The survey. Survey design to optimize acquisition parameters for the target and survey objective is critical to the success of a CSEM survey. Simple one-dimensional modeling can be used to optimize the transmission frequency. Higher-dimensional (2D or 3D) models can then be used to verify the frequency chosen on the basis of the 1D results, and determine the optimum source and receiver locations. Figure 6 illustrates the effect of transmission frequency on the measured response, for a simple 1D earth structure based on the well-log through the Nuggets-1 reservoir. If the transmission frequency is too high, then signals are rapidly attenuated in the overburden, so the response is not sensitive to the presence of the resistive target layer at depth. At very low frequency, the response is sensitive to a large volume of the earth, and hence thin resistive layers cannot be resolved. The range of usable transmission frequencies is therefore quite narrow, and must be correctly identified presurvey based on the best estimate of likely resistivities in the area. For the chosen fundamental frequency, a 1D target layer would produce an increase in the electric field strength in excess of 20% at source-receiver separations of 6.5-9 km. In practice a range of frequencies across the usable band are transmitted simultaneously. The resulting data give additional constraint on subseafloor structure over a range of depth scales, and also provide a contingency to allow for differences between the true geology of the area, and that assumed in presurvey modeling.
Although 1D modeling is an efficient way to establish the optimum transmission frequency and obtain an indica- tion of the likely source-receiver offsets necessary to detect the target, higherdimensional effects must also be taken into account when planning receiver locations and source tow lines. In general a target of finite size will produce an effect on the response that is significantly smaller than that predicted by 1D modeling approaches. This is illustrated in Figure 7 , which as an example shows the simulated response of a 3D reservoir model for receiver 03 lying at the western edge of the field. Whereas the 1D modeling predicted an increase in field strength of more than 20%, when the full 3D nature of the reservoir is taken into account, this falls to around 15%. However, although the effect of the reservoir is reduced, it is still comfortably within the detection threshold of a CSEM survey.
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The survey line presented here comprised one deployment of 12 OHM receivers across the Nuggets-1 gas field (Figure 4) . Each receiver was equipped with three orthogonal electric field receiver dipoles ranging in length between 1 m and 10 m. The DASI IV transmitter used for the survey consists of a 300-m long source dipole which was towed 45 m above the seafloor. This transmitted a square wave signal with peak current of 850 A, giving a source dipole moment (SDM) of approximately 324 000 Am at the fundamental frequency. Significant power is also transmitted at the odd harmonics of the fundamental to give data across a band of frequencies. The transmission is synchronized to a GPS clock to ensure phase stability throughout the survey and is logged at high sampling rate to give an accurate record of the transmitted fields. A second smaller deployment to the southeast of the reservoir provided good offtarget data which were used to constrain the background structure in the area.
Frequency transformations were carried out on the receiver data at the fundamental transmission frequency and odd harmonics. The data window length in the frequency transform is optimized to avoid distortion of the signal and maintain acceptable signal-to-noise ratios over the full range of source-receiver offsets. The fundamental frequency and 12 harmonics are included in the final processed data. Data were normalized by the source dipole moment, corrected for the frequency response of the receiver and merged with source and receiver positions derived from acoustic navigation.
High-quality amplitude and phase data were collected, typically extending to a maximum source-receiver separation of around 15 km at the fundamental transmission frequency, reducing to about 8-12 km in the higher harmonics. An example of processed data is illustrated in Figure 8 . The flattening of the phase curves at offsets ranging from about 3 km and the associated change of gradient of the amplitude responses are associated with the airwave effect. OHM has developed a range of techniques to attenuate the airwave, which will be the subject of later technical papers. Once the airwave has been dealt with in the data set, data analysis and interpretation essentially follow the same workflow as would be applied to a deepwater data set, as described in the following section.
Data analysis and interpretation. Data analysis and interpretation is accomplished in stages. The simplest approach used as a starting point is 1D reconnaissance modeling, with which the gross trends present in the data can be examined. It is likely that significant and extensive resistive fea-
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Figure 6. The normalized anomaly (defined as the electric field response with the target layer divided by the response of a background structure with no target) for a 1D model based on the Nuggets-1 well log. The optimum frequency is shown by the solid black line, although in practice the source signature is designed to transmit a range of frequencies over the usable band (dashed lines). Choice of transmission frequency is critical to survey success. The white solid contour outlines the area in which the presence of the target reservoir increases the field strength by more than 20%. Also shown for reference is the 10 -14 V/Am 2 electric field strength contour indicating the noise floor in shallow water. Field strengths greater than this will be readily detectable.
Figure 7. Example of the 3D response of the Nuggets-1 reservoir, for receiver 03 at the western edge of the field. The predicted effect of the gas field on the response is smaller when the full 3D structure is taken into account.
tures will be recovered from such an approach, while smaller-scale and higherdimensional features are less likely to be adequately constrained. Reconnaissance is also used to obtain a broad overview of the class of resistivity structures to which the data are sensitive. Finally, the 1D model obtained is a simple starting model for higher dimensional, detailed modeling and inversion.
Although a broad agreement between data and modeled response can be achieved using a 1D approach, there remain significant variations in the response that cannot be explained using this simple approximation. These variations are investigated more thoroughly here using a 2.5D inversion approach (in which the source is a 3D point dipole, and the resistivity structure of the earth varies in two dimensions). This approach can identify a 2D resistivity structure that provides a good fit to the processed data (MacGregor, 1999) . The inversion scheme used here is a modified regularized Occam inversion, producing models which are smooth in the first derivative sense (Constable et al., 1987) . One would therefore expect sharp resistivity contrasts to be smoothed, while the resistivity-thickness product is accurately estimated. A rectilinear mesh was generated to cover the region of interest. Mesh QC steps ensure that the parameterization used is sufficient to accurately model the diffusion of EM fields at the frequencies considered here.
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Figure 8. Final processed data set from receiver 02. Data consist of the amplitude and phase of the signal at the fundamental transmission frequency and its harmonics (for clarity, only every second odd harmonic is shown). Data extend to 15 km in the fundamental and 8-12 km in the higher harmonics.
As a quality-control step, the inversion procedure is applied to a synthetic data set, generated from a best estimate of the resistivity structure of the Nuggets-1 field ( Figure  9 ). As a reference case, synthetic inversions were also run for a structure in which the target layer was absent ( Figure  10 ). This allows the inversion approach to be optimized for the target structure of interest and guards against the possibility that artifacts could be introduced in the final result by the inversion process. The synthetic data set was generated to mimic the exact acquisition parameters in the survey data. Randomly generated noise of 5% was then added prior to inversion. The resulting synthetic data set closely represents the observed data and provides a good test of the sensitivity of the survey data to the target structure. Figures 9b and 10b show the results of the basic regularized inversions on inline data both in the presence and absence of the target layer. These inversions are an essential first step in the interpretation. Although fine-scale structure is smoothed by the inversion process, they give a clear indication of the sensitivity of the data set under study, while minimizing the danger of inversion artifacts being introduced by later inversion constraints. In the absence of a target (Figure 10b ), the resultant inversion shows a near-1D structure. With the target present (Figure 9b ), the additional resistor is recovered below the regional overburden resistor. The structures recovered from the synthetic inversions are smoother than that in the input models; this is expected due to the regularized nature of the inversion and limits our ability to separately resolve the overburden and target layers, which tend to be smeared into a single, high resistivity layer. However, despite this, the lateral extent of the high resistivity zone associated with the target is well recovered. Although relatively low resolution, the results of these inversions show that there is a clear sensitivity to the target structure.
In practice, a-priori information in the form of nearby well-logs or seismically derived structural information may be available. Having established that a resistive body associated with the target can be recovered, it is possible to improve the resolution of the final result by using more complex inversion processes to incorporate this additional a priori information. It is important to note that these inversions are still free to respond to the data: structure is not being fixed to a predetermined answer. In the case shown here, the inversion was also required to honor detailed background data, especially in the overburden, which can be derived from the off-target receivers. Figures 9c and 10c 990 THE LEADING EDGE AUGUST 2006 show the resistivity structures obtained when a portion of the overburden is constrained for the case when the target layer is present and absent respectively. The inversion now accurately recovers the depth and lateral extent of the target resistor (Figure 9c) .
The results of inverting the data generated from a model without a target resistor show that in this case no resistivity anomaly is recovered in the inversion. Constraining the inversion as before has resulted in some slight variations in the resistivity of the target zone; however, these are small (< 1 Ω-m), and regional across the model. This is in contrast to the order of magnitude change associated with the target resistor (Figure 9c ), which is confined laterally to the region of the target. These synthetic results show that for this case it is unlikely that the inversion techniques used led to artifacts of comparable scale in resistivity to the reservoir being mapped into the target zone. We may therefore be confident that the resistive layer in Figure 9c is not an artifact of the inversion process.
Having established an inversion approach that correctly resolves a synthetic reservoir without the addition of inversion artifacts, we can apply the same procedure to the survey data. First, basic inversions were carried out. The results (Figure 11 ) highlight a region of high resistivity which correlates well with the known extent of the Nuggets Field. Depths are somewhat shallower than the target depth; however, we have illustrated above that this can be a feature of this form of inversion. As for the synthetic inversion, to improve resolution of the target layer, further inversions were carried out with inversion techniques requiring that the background geoelectric structure derived from nearby well logs and off-target CSEM results be honored. In this case the depth and lateral extent of the reservoir have been well matched.
A comparison between the resistivity within the Nuggets-1 Field derived from the inversion result, and a well log through the field is shown in Figure 12 . The resistivity recovered in the inversion appears lower than expected from the well log. However, CSEM surveys are primarily sensitive to the transverse resistance (resistivity thickness product) of the target resistor. The smoothness constraint and relatively course parameterization in the inversion will smear the required transverse resistance over a greater vertical area and minimize the roughness of the model. The correct transverse resistance can therefore be recovered by integrating through this zone. If we assume that the reservoir thickness is 20 m (in this case based on the known thickness of the reservoir), the results correspond to an average target resistivity of up to 100 Ω-m, which is in broad agreement with the average target resistivity measured from well logs (Figure 12 ). Shown in Figure 13 is the final inversion result corendered with the coincident seismic data. By incorporating seismic and well-log information in the interpretation, the depth, lateral extent, and resistivity of the Nuggets-1 gas field can be recovered.
Conclusions.
A CSEM survey was performed on the Nuggets-1 gas field in the North Sea. The water depth in the area is 115 m, and the target reservoir lies at 1550 m below seafloor. Initial inversions of the result give an image of the subsurface which unambiguously resolves the presence of resistive structure associated with the Nuggets-1 gas reservoir. However, the image is smoothed in these simple inversion processes, with the result that the depth and true resistivity of the reservoir are underestimated. The image is improved by applying more advanced techniques including structural information on the subsurface from seismic data, and adding additional information on the geoelectric background from CSEM receivers off-target. When this is done, resolution of both the lateral extent of the reservoir and the resistivity within it improve dramatically. Final results agree well with the resistivity of the gas reservoir measured in well-log data.
The survey carried out on Nuggets-1 has shown for the first time that the CSEM method can be applied in water depths significantly shallower than previously thought possible. Through careful processing, data analysis and interpretation, not only has the Nuggets-1 reservoir been detected but its resistivity and lateral extent constrained. By extending the operating envelope into shallow water, the range of potential exploration and appraisal targets has been dramatically increased.
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